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ABSTRACT
Morphometries and meristics of la rva l Alosa sapidissima were 
examined and are described fo r  hatchery reared samples. A. sapidissima 
(Wilson) morphometries and body proportion ratios  change with ontogeny 
in  the la rva l stages. Head and snout length, eye diameter, and body 
depth exhibited a c u rv il in e a r  re la tionship  with increasing standard 
length, while preanal and predorsal length showed a l in e a r  re lationship  
with increasing standard length.
Predorsal and preanal myomere counts on A. sapidissima decreased 
during ontogeny with the corresponding an te rio r  dorsal f in  migration and 
shortening of the gut. Other m eristics indicated tha t median f in  develop­
ment was completed between 17 to 21 mm SL, while paired f in  development 
was completed between 23 to 28 mm SL. A developmental sequence of the 
various caudal f in  components showed a d is t in c t io n  between p re flex io n ,  
f le x io n ,  and postflexion la rv a . Staining techniques u t i l iz e d  indicated  
tha t the development of hyperals and notochord flexure  were important in 
distinguishing the stages of development.
Pigmentation showed a greater number and density of melanophores on 
cultured versus f ie ld  sampled specimens. S te l la te  melanophores were 
found to contract and migrate on cultured samples. A sequence of p ig­
mentation changes with ontogeny was described fo r  fu ture  comparisons 
with f ie ld  sampled larvae.
Morphometric d ifferences between w ild and cultured samples of 
A. sapidissima were not found over a comparable range of SL (19 to 31 
mm). Both un ivaria te  and m u lt iv a r ia te  ana ly tica l techniques indicated  
no s ig n if ic a n t  d ifferences between the two populations of postflexion  
( ju v e n ile )  A. sapidissima.
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MORPHOLOGY AND DEVELOPMENT OF HATCHERY CULTURED AMERICAN 
SHAD, ALOSA SAPIDISSIMA (WILSON), WITH A COMPARISON 
BETWEEN FIELD SAMPLED AND CULTURED SPECIMENS
INTRODUCTION
The American shad, Alosa sapidissima (Wilson), is a commercially 
and rec rea tio n a lly  important clupeoid found in western North A t la n t ic  
coastal waters from Newfoundland, Canada to the S t. Johns R iver, Florida  
(Hildebrand 1963; Scott and Crossman 1973). Chittenden (1969), Leim 
(1924) and Watson (1968) have a l l  reported on the commercial and recreational 
value of A. sapidissima. However, since 1900 A. sapidissima stocks have 
declined throughout th e ir  range. Many reasons have been cited fo r  th is  
decline in abundance; Watson (1968) speculates that dams, overfish ing , 
p o llu t io n , and overall environmental change may be reasons fo r  the 
decline, while studies by Marcy (1976) on the e ffec ts  of la rv a l f is h  
entrainment in power plants ind icate th a t th is  may be a fa c to r  in the 
overall decline of A. sapidissima stocks.
A. sapidissima is an anadromous species that spawns in t id a l  freshwater 
t r ib u ta r ie s .  Spawning appears to be temperature dependent (Carscadden 
and Leggett 1975; Leggett and Whitney 1972). This dependence is indicated  
by the protracted spawning season along the A tla n tic  coast (Chittenden 
1975; Leim 1924; Massmann 1952; Watson 1968). A. sapidissima spawn in 
the S t. Johns R iver, F lo rid a , in la te  w inter (Hildebrand 1963). In the 
Chesapeake Bay t r ib u ta r ie s  spawning occurs in March and A pril (Massmann 
1952), and in the Connecticut r iv e r  in May and June (Marcy 1976). A fte r  
spawning, larvae remain in the freshwater t r ib u ta r ie s  u n t il  the f i r s t  
w inter when as juven iles  they migrate offshore (Chittenden 1969; Talbot 
and Sykes 1958).
L ife  h istory studies of A. sapidissima have pr im arily  been lim ited  
to the ju v e n ile  and adult stages of development (Chittenden 1969, 1972,
1975, 1976; Carscadden and Leggett 1975; Leim 1924). Early l i f e  h istory  
studies of A. sapidissima have generally  been lim ited  to the eggs and 
f ie ld  collected samples of larvae and juven iles  (Chittenden 1972; Leim
2
31924; Marcy 1976; Watson 1968). Consequently, th is  has l e f t  a gap in 
the 1 i te ra tu re  fo r  an adequate description of the larvae from yolk  
absorption through the ju v e n ile  stage of development.
The sequence of egg development fo r  A. sapidissima has been adequately 
described by Hildebrand (1963), Marcy (1976), and Watson (1968). The 
larvae between yolk absorption and the ju v e n ile  stage have been described 
inadequately. Leim (1924) described yolksac larvae and f ie ld  sampled 
larvae up to 28 mm in length. Hildebrand (1963) described yolksac 
larvae and b r ie f ly  described the la rva l development through the ju v e n ile  
stage. Jones e t  a l . (1978), Lippson and Moran (1974), and Mansueti and 
Hardy (1968) a l l  summarized early  development studies of A. sapidissima.
The approach used fo r  these la rva l studies appears to be a s ta t ic  technique, 
which describes a few larvae over a few selected or sampled size ranges.
The purpose of th is  paper is to describe the larva l development of 
A. sapidissima from yolk absorption to the ju ven ile  stage of development. 
Data on yolksac larvae were collected and are presented fo r  comparative 
purposes and future  reference in Appendix 5. Description of A. sapidissima 
la rva l development is presented using the dynamic description approach 
of Moser and Ahlstrom (1970). This technique traces development from 
sequentia lly  sampled specimens. Special a tten tion  is given in th is  work 
to morphology, m eris tics , and pigmentation. Early caudal developmental 
osteology is  examined from sequential samples and a sequence of o ss if ic a tio n  
is  described. A comparison between cultured and w ild  sampled specimens 
is  also made using both un ivaria te  and m u lt iv a r ia te  an a ly tica l techniques 
to te s t  fo r  d ifferences in population morphometries.
METHODS AND MATERIALS
F e r t i l i z a t io n  and Culture
Spawning adult A. sapidissima were sampled on the Pamunkey r iv e r ,  
V irg in ia ,  throughout the spawning season (Figure 1 ) .  Eggs were f ie l d -  
stripped and f e r t i l i z e d  by the method previously employed by the Massachusetts 
Division of Marine Fisheries (P. Rule, personal communication*).
F e r t i l iz e d  eggs were transported by placing approximately 1,100 
eggs in aerated p la s t ic  bag l in e rs ,  in 4.25 1 glass ja rs  f i l l e d  with  
r iv e r  water a t  ambient temperature. These containers were then placed 
in coolers lined with shock absorbing styrofoam. Eggs were oxygenated 
from a cylinder of oxygen during transportation to the cu lture  system.
Eggs were cultured in a flow-through system designed by B la ir  
(1976) with modifications made by Alan B la ir^  and the author a t Harrison 
Lake National Fish Hatchery, Charles C ity , V irg in ia  (Figure 2 ) .  Apparatus 
used in the system included three to f iv e  10 1 cu lture  ja r s .  A constant 
flow ra te  was maintained into  an open trough of running water. The 
trough contained spec ia lly  designed baskets f i t t e d  with saran screen fo r  
holding the newly-hatched A. sapidissima.
Environmental control and monitoring of the system included the use 
of thermoprobes fo r  constant temperature monitoring. Previous monitoring 
of water temperatures during te s t  cultures made in 1977 showed th a t a 
mean temperature of 19° C can be maintained fo r  development of eggs and
Patrica Rule, B io lo g is t ,  Massachusetts D iv is ion of Marine Fisheries  
Commonwealth of Massachusetts, Boston, Massachusetts.
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Alan B la i r ,  Hatchery Manager, Harrison Lake National Fish Hatchery, 
U.S. Fish and W ild l i fe  Service, Charles C ity , V irg in ia .
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5larvae . Natural ( i . e .  unregulate) l ig h tin g  and photoperiod were used. 
Water flow ra te  was controlled a t  a constant ra te  of 1 .0 -1 .5  l i t e r s  per 
minute. This rate  of flow was found to keep the eggs ro l l in g  adequately 
in  the cu lture  cylinders and keep fungus contamination to a minimum. 
Freshwater was grav ity -fed  from Harrison Lake, V irg in ia  in to  the f is h  
hatchery, and f i l t e r e d  to e lim inate  suspended m ateria ls . Newly-hatched 
yolksac larvae were transferred from the holding baskets to flow-through 
raceway troughs fo r  growth and development (Figure 3 ) .  Temperature was 
continuously monitored, and flow ra te  p e r io d ic a lly  monitored, in the 
growth and development trough.
Sampling and Description
Larvae were sampled d a ily  fo r  the f i r s t  th i r ty  days, then weekly 
u n t i l  the end of a 100 day sampling period. Samples were preserved by 
the method recommended by Berry and Richards (1973) in 10% buffered 
formal in .
Two developmental series of larvae were used in th is  study. Specimens 
in the f i r s t  series were used fo r  morphometric data, pigment patterns
and la rva l i l lu s t r a t io n s .  Those in the second series were cleared and 
counterstained by the method used by Dingerkus and Uhler (1977), and 
used fo r  m eristic  and caudal osteology studies. Some specimens in the 
f i r s t  series were subsequently used fo r  staining in the second series  
a f te r  measurements, pigment patterns and i l lu s t ra t io n s  were completed.
F ie ld  specimens of A. sapidissima were also examined by the counterstaining  
technique.
Terminology of la rv a l stages follows th a t of Ahlstrom, B u tle r ,  and
Sumida (1976). The larva l period is  separated into three stages associated
with caudal development. They are defined as p re flex io n , f le x io n ,  and
postflexion stages of development. The yolksac la rva l stage of development 
is  treated separately in th is  study, and only morphometric data is  
presented (Appendix 5 ) .
6Fie ld  Samp1ing
Larval and ju ve n ile  A. sapidissima were sampled on the spawning 
grounds (Figure 1) and used fo r  comparative analysis of hatchery versus 
w ild  specimens. Sampling was completed using a framed 1.52 x 1.52 m 
pushnet (K rie te  and Loesch 1980) every three weeks throughout the time 
postflex ion and ju v e n ile  A. sapidissima remained on the nursery grounds. 
Measurements comparable to those taken on hatchery reared specimens were 
taken from w ild  specimens.
Morphometries
Morphometries were taken using an ocular micrometer, ca librated  to  
the nearest 0.1  mm, in a dissecting microscope and a d ia l c a l ip e r ,  
ca libra ted  to the nearest 0.1 mm. Measurements follow c losely  those 
used by Houde, Richards, and Saksena (1974) and are described as follows:
Total Length (TL ): Tip of the snout to the end of the caudal
f in fo ld  complex in yolksac and preflex ion la rvae , and to the 
end of the longest superior procurrent caudal ray in f lex io n  
and postflexion la rvae .
Notochord -  Standard Length (SL): Tip of the snout to t ip  of the
notochord in yolksac, preflex ion and early  f le x io n  larvae; t ip  
of snout to base of hypural p la te  in f lex io n  and la te  f lex io n  
la rvae, and t ip  of snout to the point midway between the tenth 
superior procurrent caudal ray and the f i r s t  in fe r io r  caudal 
ray in postflex ion larvae and ju ve n iles . Unless otherwise 
noted in the te x t ,  a l l  references to lengths of larvae re fe r  
to standard lengths. The use of th is  c r i t e r ia  fo r  standard 
length measurements is based on tha t c r i t e r ia  used by Richards, 
M i l le r ,  and Houde (1974).
Preanal Length (PAL): Tip of the snout to the end of the anus
measured along the midline of the body. This measurement is
7also used to describe the location of the anal f in  fo r  specimens 
that have shown development of the anal f in  complex.
Predorsal Length (PPL): Tip of the snout to break in the f in fo ld
fo r  specimens in the yolksac or very early  preflex ion  stage of 
development: Tip of the snout to the o r ig in  of the f i r s t
dorsal ray measured along the midline of the body fo r  f ish  
th a t are exh ib iting  dorsal f in  development. I f  dorsal rays 
were not evident then the measurement was made a t the orig in  
of the f i r s t  dorsal rad ia l bone.
Head Length (HL): Tip of the snout to the posterior margin of the
auditory ves ic le  in yolksac and early  pre flex ion  larvae: Tip
o f  snout to posterior margin of opercular membrane and bone 
when development was evident.
Eye Diameter (ED): Horizontal diameter between the a n te r io r  and
posterior edges of the fleshy o rb i t .
Body Depth (BD): V ertica l height of the body measured a t the
orig in  of the f i r s t  dorsal ray.
A ll  morphometries were taken on the l e f t  side of the fishes body.
Damaged specimens were not u t i l iz e d  in th is  study.
M eristics
M eristics were taken from cleared and counterstained f le x io n  and
postflex ion specimens as per the methods of Berry and Richards (1973).
Counts were made of the following characters:
Myomeres:
Total myomeres 
Predorsal myomeres 
Preanal myomeres ^
8Postanal myomeres
Fin Ray Counts:
Anal rays 
Dorsal rays 
Pectoral rays 
Pelvic rays
Caudal Complex Counts:
Superior procurrent caudal rays 
In fe r io r  procurrent caudal rays 
Superior p r in c ip le  caudal rays 
In fe r io r  p r in c ip le  caudal rays 
Hypural s 
Uroneurals 
Epurals 
Ural Plates
The sequence of caudal development was recorded by the following  
c r i t e r ia :  (1) Noting the smallest SL a t  which A lcian-blue reacted with  
the mucopolysaccarides in c a r t i la g e ,  and ( 2 ) tracing the development 
through the stain ing reactions of calcium with A liz a r in -re d  s, ind icating  
the o s s if ic a tio n  of c a rt i la g e  in to  bone (J .J .  Govoni, personal communi­
cation* ) .
Line drawings of representative specimens were made w ith a binocular  
dissecting microscope and camera lucida.
Data Analysis
Measurements were analyzed using the S ta t is t ic a l  Package fo r  the 
Social Sciences (SPSS) Linear regression program (Nie e t a l . 1976). 
Notochord-standard length was the independent variab le  and each associated 
measurement was used as a dependent variab le  fo r  generating the regression 
equations of the morphometric variab les .
John J. Govoni, Ph.D., National Marine Fisheries Service, Beaufort, N.C.
9Procedures in the S ta t is t ic a l  Analysis System (SAS) fo r  the uni­
v a r ia te  t - s t a t i s t i c ,  analysis of covariance, and the m u lt iv a r ia te  analysis  
of variance (MANOVA) were used to examine the re la tionship  of cultured  
and w ild  postflexion A. sapidissima morphometries (Helwig e t  a l .  1979).
The analysis of these two populations was completed over a comparable 
range of standard lengths.
RESULTS
MORPHOLOGY
Morphometries and body proportion ratios  fo r  la rva l A. sapidissima 
are presented in Tables 1 and 2. A. sapidissima body proportions change 
during ontogeny w ith the most abrupt changes occurring during early  
development. Head length, snout length, eye diameter and body depth 
exhibited a c u rv il in e a r  re la tionship  with increasing notochord-standard 
length. Preanal length and predorsal length exhibited a l in e a r  re la tionship  
with increasing notochord-standard length.
The most obvious change in la rva l development is the gradual acquis ition  
of a more robust and deeper body. This change from a thin-elongated  
body is typical of clupeoids in the western North A t la n t ic  (Richards et  
a l .  1974.).
Total Length and Notochord-Standard Length
Notochord-standard length (SL) was used to examine development of 
A. sapidissima with respect to the other morphometric data. A regression 
equation was calculated fo r  the re la tionship  between to ta l length (TL) 
and SL (Figure 4 ) .  H euris tic  inspection of Figure 4 and a high c o e ff ic ie n t  
of determination ( r  -  0.998) indicated a strong l in e a r  re la tion sh ip .  
Notochord-standard length fluctuated between 97.5% and 92.4% of the TL 
fo r  larva measured. There were no changes in the TL and SL rela tionship  
between 8 and 13 mm, where i t  remained at 96%. The most abrupt changes 
in th is  re la tionsh ip  were seen in the early  postflex ion stage of development, 
between 18 and 23 mm, when the SL decreased from 97.2% to 95.7% (Table 
2 ) .  The ra t io  averaged 96.5% fo r  larva less than 15 mm and 95.5% fo r  
larva between 15 and 31 mm. The decrease in body proportion fo r  the SL 
and TL re la tionship  is related to the caudal f in  development, p a r t ic u la r ly
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notochord f le x u re  between 12 and 15 mm, along with development of the 
f i r s t  and second hypural p la tes .
Preanal Length
The preanal length (PAL) fo r  la rva l A. sapidissima exhibited a 
steady decrease from 95% fo r  8 mm larvae to 65.4% fo r  31 mm larvae  
(Table 2 ) .  A regression equation was calculated fo r  the re la tionsh ip  
between PAL and SL. Visual inspection of Figure 5, along w ith a high 
c o e ff ic ie n t  of determination ( r  = 0 .9 6 9 ),  tends to ind icate  a l in e a r  
re la t io n s h ip . At 18 mm SL the PAL/SL ra t io  is in v a r ia te  (Figure 5 ) .  I t  
is  a t th is  length tha t A. sapidissima is undergoing the transformation  
from the f le x io n  to postflex ion stage of development.
The most s tr ik in g  change in th is  re lationship  was seen between 23 
and 27 mm TL (69.1% and 65.8%). Over th is  TL range the gut was shortening 
and transformations to the ju v e n ile  stage (po stflex ion) became evident, 
which tends to account fo r  the decrease in the PAL and SL re la t io n s h ip .
Predorsal Length
Predorsal lengths (PDL), measured on A. sapidissima larvae from the 
snout to the o r ig in  of the f i r s t  dorsal rad ia l and/or ray, decreased 
w ith increasing SL (Tables 1 and 2 ) .  There appears to be three d is t in c t  
s ize  in te rv a ls  where the PDL decreases (Figure 6 ) . L i t t l e  change was 
evident between 8 and 14 mm where the predorsal length averaged 64.9% of 
the SL. Predorsal lengths averaged 56.8% of the SL fo r  specimens between 
15 and 20 mm and 45.3% of the SL fo r  larvae between 21 and 31 mm.
A regression equation was calculated fo r  the PDL/SL re la tion sh ip  
(Figure 6 ) .  This re la tionship  appears to be e s s e n tia lly  l in e a r ,  as 
indicated by heuris tic  examination of Figure 6 and a high c o e ff ic ie n t  ofp
determination ( r  = 0 .964 ).
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The dorsal f in  migrates forward as dorsal rays develop and SL 
increases. This accounts fo r  the decrease in predorsal body proportions
from 66.7% to 43.6% of the SL (Table 2 ) .  This decrease is common fo r
clupeoid larvae (Ahlstrom 1968; Houde et a l . 1974; Jones et a l .  1 978) .
Head Length
Larvae of A. sapidissima are r e la t iv e ly  big-headed in comparison to
th e ir  th in non-robust body in the preflex ion and f le x io n  stages. Head
development is prominent in larvae between 8 and 11 mm. Five branchial 
arches, jaws, and 2 pairs of recurved teeth in the lower jaw are evident 
in larvae th is  s ize .
Head length (HL) averages 14.7% of the SL between 8 and 11 mm 
(Table 2 ) .  At 12 mm, HL increases to 17.0% of the SL. An increase of
1.2%, from 17.0% to 18.2%, is evident in the HL/SL re la tionship  fo r  
larva between 12 and 17 mm. The HL/SL re la tionsh ip  is not as evident in 
la te  f le x io n  and postflex ion larvae because the body becomes deeper 
bodied and more robust, thus masking HL proportions. Head length increases 
from 20.1% to 27.5% of the SL in larvae between 18 and 31 mm.
A regression equation was calculated fo r  the HL and SL re la tionship  
(Figure 7 ) .  Heuristic  examination of Figure 7, along with a high c o e ff ic ie n t
o
of determination ( r  = 0 . 9 7 2 ) ,  a t  f i r s t  tended to ind icate  a l in e a r  
re la tionsh ip  between the HL and SL morphometries. Figure 7 has an 
in f le c t io n  point a t about the transformation between the f le x io n  and 
postflex ion stages (18 mm SL) where the HL/SL re la tionsh ip  may e x h ib it  
c u rv i l in e a r  growth. F i t t in g  the data to the model (HL = aSL^) fo r  a 
c u rv i l in e a r  growth curve (Sokal and Rohlf 1969)  produced a higher c o e ff ic ie n t  
of determination (r^ = 0 . 9 9 2 ) .  The HL/SL re la tionsh ip  may indeed e x h ib it  
a c u rv il in e a r  re la t io n sh ip ; however, more data is needed beyond 30 mm SL 
to f u l l y  explore th is  re la t io n s h ip .
Eye Diameter
Horizontal eye diameters (HED) averaged 4.3% to 4.7% of the SL fo r
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specimens 8 to 13 mm (Table 2 ) .  A s l ig h t  increase in proportional eye 
diameter was seen in the f le x io n  stage, between 14 and 18 mm, where eye 
diameter averaged 5.2% to 5.7% of the SL. A rapid increase in proportional 
eye diameter from 6 . 8% to 8.9% of the SL, between 20 and 31 mm, was 
evident fo r  postflexion la rva l A. sapidissima.
Heuris tic  inspection of Figure 8 showed th a t  a c u rv il in e a r  re la t io n ­
ship exists between HED and SL. Both HED and SL were log transformed to
f i t  the l in e a r  regression of these two morphometric variab les , and a
oc o e ff ic ie n t  of determination was calculated ( r  = 0.973; Figure 8 ) .  Eye 
diameters are variab le  fo r  a given size in te rv a l;  fo r  example, a t  23 mm 
SL they varied between 1.60 and 1.86 mm, and a t  29 mm SL between 1.72 
and 2.00 mm (Figure 8 ) .  Most of the v a r ia b i l i t y  occurs from 19 to 31 mm 
SL, r ig h t  a f te r  the transformation from fle x io n  to postflexion larvae  
(Figure 8 ) .  Very l i t t l e  v a r ia t io n  occurred in the preflex ion and 
f le x io n  stages (6  to 18 mm SL).
Snout Length
Snout length (SNTL) increased from 2.4% to 6.4% of the SL fo r  
la rva l A. sapidissima between 8 and 31 mm. Proportional snout lengths 
remained f a i r l y  constant between 8 and 18 mm. The greatest change in 
SNTL was seen between 18 and 20 mm, where i t  increased from 3.8% to 5.1% 
of the SL. Snout length , l ik e  HED, is  highly variab le  between 19 and 31
mm (Figure 9 ) .  In the pre flex ion  and f le x io n  stages (8  to 17 mm) SNTL
length remains f a i r l y  constant, w ith l i t t l e  v a r ia t io n  fo r  each individual 
size in te rv a l (Tables 1 and 2; Figure 9 ) .  The widest v a r ia t io n  was seen 
in postflexion larvae a t 23 mm and 29 mm (Table 2; Figure 9 ) .
Snout length exhib its  c u rv i l in e a r  growth with respect to SL (Figure
9 ) .  Both SNTL and SL were log transformed to f i t  a l in e a r  re la tionship
2between SNTL and SL and a c o e f f ic ie n t  of determination value ( r  =
0.964) was also calculated (Figure 9 ) .  Snout lengths are variab le  fo r  a
given size range in the postflex ion stage (Figure 9 ) .  Most of the 
v a r ia b i l i t y  occurs in postflex ion larvae, between 19 and 31 mm SL, while
JWA INSTITUTB
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very l i t t l e  va ria t io n  occurs between 6 and 18 mm SL (p re flex ion  and 
f le x io n  la rv a e ) .
Body Depth
Body depth (BD), measured a t  the o rig in  of the f i r s t  dorsal rad ia l  
and ray, exhibited a c u rv i l in e a r  re la tionship  with respect to SL. A 
regression equation fo r  transformed measurements and a c o e ff ic ie n t  ofo
determination ( r  = 0 .977) is  presented in Figure 10. Body depth, 
second to PDL, showed the greatest proportional change from 7.2% to 
21.5% of the SL (Table 2 ) .  The change in proportional BD is  gradual fo r  
la rva l A. sapidissima between 8 and 20 mm (Figure 10). An increase from 
12.5% to 17.0% of the SL is the most s tr ik in g  change in BD fo r  larva  
between 20 and 23 mm (Table; Figure 10).
Increases in body depth ind icate  corresponding increases in body 
weight and body volume. As the SL and BD increase, the body shape 
becomes more streamlined, changing from a th in  ro d - l ik e  shape to a deep­
bodied streamlined shape in A. sapidissima (Figures 14, 15, 16, 17, 18, 
19).
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MERISTICS
Myomeres
Myomere counts have been shown to be useful fo r  id en tify in g  clupeoid 
genera (Ahlstrom 1968; Houde, Richards, and Saksena 1974). The to ta l  
number of myomeres counted on la rva l A. sapidissima ranged from 54 to  
58; most of the larvae had 55 or 56 myomeres. The number and d is tr ib u t io n  
of myomeres re la t iv e  to body morphology is shown in Table 3.
The d is tr ib u t io n  of myomeres was examined fo r  la rva l A. sapidissima 
in  re la t io n  to predorsal and preanal body measurements. Predorsal 
myomeres decreased in number with increasing SL. As the dorsal f in  
migrates forward and SL increases the predorsal myomere count decreases. 
O v e ra ll ,  predorsal myomere counts decreased from a mean of 33.9 to 21.0  
fo r  the larvae examined (N = 52). The most s tr ik in g  change in predorsal
myomere counts was in the 12.1 to 18.0 mm SL s ize  in te rva l where a
reduction of 5.2 in the mean number of predorsal myomeres was evident 
(Table 3 ) .  There is ,  however, considerable v a r ia t io n  in predorsal 
myomere counts fo r  a l l  s ize in te rv a ls ,  as shown in Table 3.
Counts fo r  preanal myomeres decreased with increasing SL and decreasing 
PAL (Table 3 ) .  There was a decrease in the mean number of preanal 
myomeres from 48.4 to 38.5 fo r  the larvae examined (N = 52). This 
decrease p a ra lle ls  the shortening of the gut as the SL increases.
The mean number of postanal myomeres increases with the shortening 
of the gut and increasing SL. An increase from a mean of 12.3, between 
8 and 9 mm, to a mean of 15.6 postanal myomeres, fo r  larvae between 15
and 18 mm SL, was evident fo r  the larvae examined (N = 40; Table 3 ) .  No
information is ava ilab le  in th is  study fo r  postanal myomere counts in 
la rv a l A. sapidissima greater than 18.0 mm SL.
Fin Development
Median and paired f in  development is indicated in Tables 4 and 5
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fo r  both hatchery cultured and f ie ld  sampled specimens. A summary of  
cultured specimens f in  development is present in Table 6 . Development 
of the median fins  (dorsal, anal, and caudal), including o s s if ic a tio n  of 
rays, is f i r s t  evident in la rva l A. sapidissima between 9.0 and 12.5 mm 
SL. Median f in  development is completed between 17 and 21 mm SL.
Paired f in  (pectoral and p e lv ic )  development is not t ru ly  evident in 
la rva l A. sapidissima u n t i l  larvae are in the la te  f le x io n -e a r ly  postflexion  
stages, between 15 and 23 mm SL. Development of the paired fins was 
complete when larvae were between 23 and 27 mm SL (Table 6 ).
Dorsal Fin
The dorsal f in  of A. sapidissima exhib its  the e a r l ie s t  development 
of a l l  f in s .  Dorsal f in  rad ia ls  f i r s t  appear in larvae between 8 .0  and
9.0 mm SL (Table 6 ). Radials appear as buds and are not f u l l y  developed.
This is around the length th a t the yolksac is absorbed in la rva l A. sapidissima 
F ir s t  evidence of dorsal f in  ray formation is seen in larvae between 9.0  
and 9.25 mm SL, where 6 to 8 unossified rays are evident (Tables 4 and 
6 ) .  The number of dorsal f in  rays increases with increasing SL: 7 to  
10 rays are evident fo r  larvae 9.5 to 11.5 mm SL, while 11 to 15 dorsal 
f in  rays are evident between 11.5 and 13.5 mm SL (Table 4 ) .  A. sapidissima 
acquire th e ir  f u l l  complement of dorsal f in  rays (17 to 20) between 17 
and 20 mm SL (Tables 4 and 6 ) .
Anal Fin
Anal f in  development f i r s t  is evident in la rva l A. sapidissima at
11.0 mm SL w ith the formation of anal rad ia ls  (Table 6 ) .  Anal f in  
ra d ia ls  f i r s t  appear as buds and are not f u l l y  developed. Rays in the 
anal f in  are evident a t  11.8 mm SL. Development proceeds rap id ly  with a 
f u l l  complement (19 to 23 f in  rays) of unossified and e arly  ossified  
anal f in  rays between 19 and 21 mm SL.
Caudal Fin Complex
A. sapidissima has a complex caudal skeleton. The adult caudal
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skeleton of A. sapidissima has the following structures: 6 hypurals, 1
parhypural attached to the f i r s t  preural vertebra and next to the 1st  
hypural, 3 uroneurals, 2 ural vertebra , a neural arch and neural spine 
attached to the f i r s t  preural vertebra, 2 epurals, 10 superior princ ipa l  
caudal rays, 9 in fe r io r  p r inc ipa l caudal rays, 8 superior procurrent 
rays, 7 in fe r io r  procurrent caudal rays. Separation between the superior 
and in fe r io r  princ ipa l caudal rays is evident between the second and 
th ird  hypural, where there is  a discernable gap.
The developmental sequence fo r  the various components of the caudal 
complex of A. sapidissima is from the f i r s t  appearance of cartilaginous  
structures to a gradual o s s if ic a t io n  and fusion of parts of the caudal 
complex. The c r i t e r ia  used to place larva into  the proper stage of 
development are s im ila r  to tha t described by Tucker (1978). Terminology 
used fo r  caudal osteology follows th a t  of Mead (1963) and Lagler e t  a l . 
(1962). Description of the sequence of caudal complex (Figures 11 and 
1 2 ) development is based on nineteen selected counterstained specimens.
Preflex ion
Larvae between hatch and 9.5 mm SL had a s tra ig h t  notochord (no 
f le x u re )  and showed no evidence of any support structure (hypurals, 
uroneurals, neural or hemal spines) development (Figure 11a). Early  
caudal formation and development ( la te  preflex ion  stage) is evident in 
larvae between 9.8 mm and 11.3 mm SL. The notochord is s tra ig h t  and one 
in c ip ie n t parhypural and one to three in c ip ie n t hypurals have started  
development (Figure l i b ) .  The hypurals and parhypural f i r s t  appear 
stained with a lc ia n -b lu e , which reacts with the mucopolysaccarides in 
cartilag inous structures . There is some inc ip ie n t caudal f in  ray development 
(Table 4 ) .  These rays also stained with a lc ian -b lu e , ind icating non­
c a lc if ie d  cartilaginous structures .
Flexi on
Notochord f le x u re  s ta rts  in la rva l A. sapidissima between 11.5 and
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12.6 mm SL, and is completed by 18 mm SL. A specimen 12.1 mm SL exhibited  
the following charac teris tics  of early  notochord f le x u re . The po sterio r  
end of the notochord was beginning to t ip  up do rsa lly . One parhypural 
and the f i r s t  four hypurals (numbered ventral to dorsal) were formed.
The a n te r io r  portion of the f i r s t ,  second, and th ird  hypurals and parhypural 
absorbed a l iz a r in -re d  s s ta in ,  ind icating  tha t the structures were 
oss ify ing . The fourth hypural and the posterior portion of the f i r s t  
three hypurals and parhypural absorbed a lc ian-b lue  s ta in .  These stains  
were e a s ily  distinguished with sharp d i f fe r e n t ia t io n  between c a lc if ie d  
and non-ca lc ified  portions of the s tru ctu re . A cartilag inous hemal 
spine was also evident in the caudal osteology of th is  specimen. Another 
specimen, 13.2 mm SL, exhibited the following characteris tics  fo r  a 
larvae in m id-flex ion (Figure l i e ) .  The posterior end of the notochord 
was curved dorsally  and then fla tten ed  into  an S shape. Five hypurals 
were d is t in c t ,  with hypurals 1, 2 and 3 absorbing a l iz a r in -re d  s in the 
a n te r io r  portion of the s tru ctu re . Both hemal and neural spines were 
present, absorbing both a lc ian-b lue  and a l iz a r in -re d  s s ta in .  The f i r s t  
evidence of the f i r s t  uroneural appeared in th is  specimen.
Late f le x io n  la rva l A. sapidissima are characterized by complete 
f le x u re  of the notochord, and evidence of segregation in to  the uroneurals 
and ural vertebra (Figure l i d ) .  A cartilaginous s ixth  hypural p la te  is  
evident, absorbing a lc ian -b lue  s ta in .  Two s l ig h t ly  fused epural bones 
are evident, along w ith the f i r s t  formation of the neural arch. Both 
the neural arch and epurals appear as c a rt i la g e  as indicated by reaction  
with a lc ia n -b lu e . There appears to be a d is t in c t  cartilaginous fusion  
between the hemal spine and the parhypural bones (Figure l i d ) .
Postflexion
Postflexion la rva l and ju v e n ile  A. sapidissima show complete separation  
between the ural vertebra and preural vertebra (Figure 12). Ural and 
preural vertebra completely absorbed a l iz a r in -re d  s s ta in  ind icating  
o s s if ic a t io n  of the s tructures . The hypurals, neural and hemal spines, 
neural arch, and the; epurals a l l  absorbed a l iz a r in -re d  s and a lc ian -b lue
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s ta in s . The epurals no longer were fused. The th ird  uroneural was 
stained w ith a lc ia n -b lu e . These structures do not appear to completely 
ossify  u n t i l  well in to  the ju v e n ile  stage of development. A f ie ld  
sampled specimen 48.0 mm standard length showed complete a l iz a r in -re d  s 
absorption in the hypurals, ural and preural vertebrate  and the neural 
arch. The neural and hemal spines, and parhypural exhibited proximal 
end absorption of a lc ian-b lue  to preural vertebra 1 -4 . The two epural 
bones had absorbed a lc ian -b lue  a t both the a n te r io r  and posterior t ip s  
of the s tructures, w ith a l iz a r in -re d  s absorption in the middle.
Pectoral Fin
Pectoral f in  development in A. sapidissima is evident a t  hatch in 
the form of a pectoral f in  fo ld  and cartilaginous support structures  
(Figures 13, 14). In c ip ie n t pectoral f in  rays are also evident in 
yolksac la rvae; however, these rays would not s ta in  with a lc ian -b lue  or
a l iz a r in -re d  s, but were outlined under low powered l ig h t  microscopy
(25X). The f i r s t  evidence of stained (absorbing a lc ian -b lu e) pectoral 
f in  development was seen in the f le x io n  stage, between 13.8 and 19.4 mm
SL (Tables 4 and 6 ; Figures 15, 16, 17).
Development of the pectoral f in  appears to be slow when compared to 
the other f in  development charac teris tics  in Table 6 . There is  a 5.6 mm 
range of SL over which cartilaginous pectoral f in  rays f i r s t  absorb 
a lican -b lu e  s ta in .  Development is complete in the postflexion stage, 
between 23.8 and 25.7 mm SL, with a f u l l  complement of 14 to 18 pectoral 
f in  rays.
Pelvic Fin
The pelv ic  f in  is the la s t  of the f iv e  median and paired fins  to 
s ta r t  and complete development (Table 6 ) . Pelvic f in  development is 
f i r s t  evident in la rva l A. sapidissima around the transformation from 
f le x io n  to postflexion la rvae , between 17.0 and 19.0 mm SL. The pelvic  
f in  basipterygium f i r s t  appeared during th is  size in te rv a l .  The f i r s t
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evidence of pe lv ic  f in  ray development is between 19.2 and 19 
(Tables 4 and 6 ) .  Development is  complete between 25.0 and 2 
with a f u l l  complement of e igh t to ten pe lv ic  f in  rays.
6 mm SL 
.0  mm SL,
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PIGMENTATION
The d is tr ib u t io n  of melanophores on A. sapidissima appears to be 
s im ila r  to tha t of other clupeoid larvae found in Chesapeake Bay tr ib u ta r ie s  
and the western North A t la n t ic  (Jones e t  a l .  1978). There is some 
v a r ia b i l i t y  in the pigmentation patterns among ind iv iduals  in any given 
size  in te rv a l ;  however, th is  v a r ia t io n  is due in part to indiv idual 
chromatophores and melanophores ex isting  in a contracted or expanded 
s ta te .  The specimens i l lu s t ra te d  in Figures 13-19 ind icate  the general 
pattern  of pigmentation typ ica l of the A. sapidissima specimens collected  
in  th is  study.
Head Region
P re flex io n , newly-hatched, A. sapidissima have very few melanophores 
on the snout and over the b ra in . A newly-hatched specimen, 8.2 mm SL, 
had one s te l la te  melanophore on the t ip  of the snout and two others in a 
s tra ig h t  l in e ,  spaced a t equal in te rv a ls ,  toward the a n te r io r  end of the 
eye. The eyes in th is  specimen and a l l  the specimens sampled were f u l ly  
pigmented by 9.5 mm SL (Figure 13 ). Three to f iv e  melanophores were 
present over the brain of a specimen 10.4 mm SL (2 days a f te r  hatch). A 
small, but d is t in c t ,  l in e  of melanophores are present above the yolksac, 
over the pectoral symphysis and heart in specimens 9.3 to 10.5 mm SL 
(Figure 13). These melanophores are very small, and d i f f i c u l t  to detect.  
Melanophores over the yolksac were not present in specimens 10.8 to 11.3
mm SL ind icating  th a t they had apparently contracted or migrated (Figure
14).
The number of melanophores on the snout and brain increases with  
increasing SL. A 10.9 mm SL specimen (Figure 14) showed an increased 
number and density of melanophores on the snout. A l in e  pattern of
pigmentation is developed do rsa lly  from the snout up the midline of the
skull and over top the brain in larvae between 10.9 and 28.5 mm SL 
(Figures 14 -19 ). This pigmentation was comprised of mostly s te l la te  
melanophores.
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The pigment pattern associated with the area p o s te r io r  to the 
f leshy o rb i t  of the eye, and a n te r io r  to the opercular is  variab le  in 
la rv a l A. sapidissima. The density and number of melanophores around 
the eye increased up to around 22 mm SL. Larvae in the 15 to 18 mm SL 
range showed most of th is  pigment ju s t  posterio r to the fleshy o rb it  of 
the eyes, w ith no melanophores over the opercular bone (Figures 16 and 
17). Larvae greater than 20 mm (Figures 18 and 19) exhib ited d is t in c t  
melanophores from the fleshy o r b i t  over top of the opercular bone. A 
substantial number of the specimens examined, greater than 20 mm SL, 
showed no increase in the actual number of melanophores. Instead, th is  
pigment appeared to m igrate, and in some cases contract, from the fleshy  
o rb it  of the eye onto the opercular bone. F ie ld  sampled specimens 
greater than 28 mm showed a reduced number and density of pigment ju s t  
po ster io r  of the fleshy o rb it  of the eye, and a more concentrated 
number ju s t  a n te r io r  the t ip  of the opercular bone.
Gut, Trunk and Fin Region
Yolksac, p re f le x io n , A. sapidissima have a series of very small, 
d is t in c t ,  melanophores along the dorsal surface of the gut. These 
melanophores remained d is t in c t  on the larvae up to about 18 mm SL (Figures 
14, 16, 17). Approximately two days a f te r  hatch pigmentation was evident 
on the ventral surface of the gut. This pigment was in a dense pattern  
of short dash shaped melanophores th a t gave the appearance of a solid  
l in e  by 15 mm SL (Figure 16 ). A f te r  15 mm SL ventral gut pigmentation 
contracted from a so lid  l in e  pattern to a series of spaced melanophores 
(Figures 16 and 17).
As the larvae developed in to  the postflex ion and ju v e n ile  stages of 
development gut pigmentation became increasingly  d i f f i c u l t  to detect 
because of the added body tissue and weight. Shortening of the gut,
w ith increasing SL, is  seen in conjunction with the formation of la rg er  
d is t in c t  s t e l la t e  melanophores along the dorsa l  gut surface (Figure 17). 
There is  also a denser concentration of s t e l l a t e  melanophore a t  the anus 
in  postflex ion and ju v e n i1e A. sapidissima.
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Pigment developed along the anal f in  base a t  15 mm SL where one to 
three s t e l la t e  melanophores were found in a series of specimens 15 to 16 
mm SL (Figure 16). The number of anal f in  base melanophores increased
to between 14 and 20 fo r  18 to 20 mm SL larvae (Figure 17). Postflexion
A. sapidissima (Figure 18) had approximately 22 to 26 s te l la te  melanophores 
in a s tra ig h t  l in e  pattern over the rad ia ls  of the anal f i n .  This l in e  
of pigmentation was continuous from the anus, where a dense concentration  
of melanophores was found, to the caudal peduncle, were pigmentation 
associated w ith the caudal f in  was evident.
Pigment is found at the base of the dorsal f in  over the developing
ra d ia ls ,  in la rva l A. sapidissima a t  12 mm SL. From zero to f iv e  small
melanophores were counted on a series of 11.8 to 13 mm SL specimens.
The number and density of melanophores associated with the dorsal f in  
increased as the f is h  grew and the dorsal f in  migrated forward. Larvae 
in the 15 to 18 mm SL range have 10 to 19 s te l la te  melanophores over the 
rad ia ls  of the dorsal f in  (Figures 16 and 17). A. sapidissima larvae  
greater than 20 mm SL have a s t e l la t e  melanophore d ire c t ly  over each of  
the rad ia ls  of the dorsal f in  (Figures 18 and 19); there are 20 rad ia ls  
with a t  le a s t one, in most specimens examined more than one, melanophore 
a t  the base of the f in  (Table 6 fo r  the dorsal f in  data).
There are a continuous p a ir  of pigmentation stripes from the eye to  
the caudal peduncle along the dorsal midline of la rv a l A. sapidissima.
These s t e l la t e  melanophores are less densely d is tr ib u ted  between the 
brain and the f i r s t  dorsal rad ia l than between the la s t  dorsal rad ia l  
and the caudal peduncle. The paired melanophores a n te r io r  to the dorsal 
f in  are d is t in c t ,  and appeared as two l in e s , while posterior to the 
dorsal f in  the melanophores are s t i l l  paired, but coalesce in to  a single  
l in e .
Large s te l la te  melanophores f i r s t  appear on the posterio r end of 
the la te r a l  l in e  in A. sapidissima at 18 mm SL (Figure 17). Between 11 
and 15 melanophores are evident during th is  t ra n s it io n  phase between 
f le x io n  and postflex ion la rvae . In some of the specimens examined, in
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the 18 to 20 mm SL range, pigment was in p a irs ;  one d ir e c t ly  above and 
one d ire c t ly  below the la te ra l  l in e  (Figure 17). Between 35 and 62 
large s te l la te  melanophores were counted on specimens greater than 20  mm 
SL along the la te ra l  l in e  posterio r to the dorsal f i n .
Pigment f i r s t  appeared as very small l ig h t  chromatophores along the 
la te ra l  l in e  a n te r io r  the dorsal f in  and posterior the opercular bone in 
specimens 13 to 16 mm SL. These c e lls  expanded into d is t in c t  s te l la te  
melanophores in la rg er  specimens (Figure 18). The number of melanophores 
th a t  could be counted along the la te ra l  l in e  ranged from seven to 23 in 
specimens 17.7 to 21.9 mm SL; more than 50 melanophores were counted fo r  
larvae greater than 23 mm SL (Figure 18). S te l la te  melanophores in the 
la rg er postflexion larvae (g reater  than 25 mm SL) contracted in to  small 
ind istinguishable  melanophores along the la te ra l  l in e  (Figure 19).
Caudal Region
Newly-hatched A. sapidissima did not have pigment associated with  
the notochord posterio r to the anus (Figure 13). Pigment f i r s t  appeared 
on the dorsal t ip  of the notochord a t  9 .8  mm SL w ith  one to four small 
melanophores. At 10.9 mm SL (Figure 14) pigment was present as eight  
small melanophores on the dorsal t ip ,  and four small melanophores on the 
ventral t ip  of the notochord.
Melanophores associated with the caudal region appeared to  have 
migrated toward the anus in larvae between 11 and 13 mm SL. The number 
and density of melanophores concentrated a t  the end of the anus increased 
during th is  length in te rva l (Figure 3 ) .  Pigment s t i l l  appeared in the 
caudal region as la rg e r  d is t in c t  s t e l la t e  melanophores; however, the  
number of melanophores remained f a i r l y  constant between three and seven 
fo r  la rv a l between 11 and 13 mm SL.
Pigment density increased rap id ly  in the caudal region in larvae  
la rg e r  than 15 mm SL (Figures 16, 17, 18, 19 ). Melanophores migrated 
onto the developing caudal rays from the caudal peduncle region, and
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large s t e l la t e  melanophores outlined the edge of the caudal peduncle 
(Figure 17 ).
Pigmentation reached i ts  greatest density in larva 23 to 25 nm SL 
(Figure 18). The number of melanophores increased and became more 
concentrated in postflex ion  and ju v e n ile  A. sapidissima. Larvae greater  
than 25 mm SL exhibited contraction in s ize of caudal s te l la te  melano­
phores which became d i f f i c u l t  to distinguish in d iv id u a lly  (Figure 19).
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COMPARATIVE MORPHOLOGY
Morphometries fo r  both w ild  and cultured populations of postflexion  
A. sapidissima were comparatively analyzed using un iv a ria te  and m u lti­
v a r ia te  s t a t is t ic a l  techniques to te s t  fo r  d ifferences in the morphology 
of the two populations. Three types of tests were used in the analysis .
A students t - t e s t  and F value were calculated to examine the morphometric 
means and variances ( i . e .  the v a r ia b i l i t y  in the population) of the w ild  
and cultured samples. Analysis of covariance was used to examine the 
l in e a r  regressions, of each dependent morphometric measurement (PAL,
PDL, HL, SNTL, HED, BD) with the independent variab le  SL, and te s t  the 
hypotheses tha t the homogeneity of slopes ( 3  ^ = 3 ^ )  an  ^ changes in 
e levation  ( a ^  = a 2 ) are not s ig n if ic a n t ly  d i f fe r e n t  between w ild  and 
cultured populations (Snedecor and Cochran 1967). The th ird  technique 
applied was a M u lt iv a r ia te  Analysis of Variance (MANOVA), used to te s t  
the hypothesis of no overa ll e f fe c t  due to the w ild and cultured population  
treatments (Pimental 1979; Tatsuoka 1971; Cooly and Lohnes 1971).
Information summarizing the student's t - t e s t  and analysis of covariance 
are in Appendicies 2 and 3. A summary of the MANOVA is  presented in 
Appendix 4.
O vera ll ,  resu lts  of the u n ivaria te  and m u lt iv a r ia te  ana ly tica l  
techniques used indicated tha t there was no s ig n if ic a n t  d ifference  
between w ild  and cultured morphometric variables used in th is  study.
Comparison of Morphometric Means and Variances
The F te s t  fo r  equa lity  of variances was s ig n if ic a n t  fo r  the SL,
PAL, HL, and BD measurements. This indicated th a t  there was some v a r ia b i l i t y  
between the d is tr ib u tio n s  of the w ild and cultured samples fo r  these 
p a r t ic u la r  postflex ion morphometries. Satterthw aites (Dunn and Clark 
1974) approximation fo r  degrees of freedom was calculated and an approximate 
t  s t a t is t ic  ( t * )  was found fo r  each set of means (Appendix 2 ) .  In a l l  
the above cases, t *  was highly n o n -s ig n ifican t. Therefore, apparent 
mean differences were a ttr ib u te d  to sampling e rro r .
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F-tests  indicated homogenity of variances fo r  the PDL, SNTL, and 
HED measurements fo r  w ild  and cultured populations. The t  s ta t is t ic  was 
nonsignificant fo r  the SNTL and HED morphometries (Appendix 2 ) .  These 
resu lts  also show th a t  there appeared to be no individual mean d ifference  
in  cultured and w ild  postflex ion A. sapidissima fo r  the SNTL and HED 
morphometries.
The t  s t a t is t ic  fo r  comparison of w ild  and cultured predorsal 
length means was m arginally s ig n if ic a n t  (P < .0 5 ) .  This d ifference  in 
means could be re lated to the a n te r io r  migration of the dorsal f in ,  
along the dorsal m idline of the body.
Analysis of Covariance
The SAS General Linear Models procedure fo r  analysis of covariance 
was u t i l iz e d  to examine the l in e a r  regressions of each dependent morpho­
metric variab le  and the independent variab le  SL, and te s t  the hypotheses 
th a t the slopes and elevations o f the w ild  and cultured specimens are  
equal ( 3  ^ = $£ and a  ^ = a 2 transformations were made on the
HL, SNTL, HED, and BD by SL morphometric comparisons. This was done to 
account fo r  the c u rv il in e a r  re la tionsh ip  found e a r l ie r  in the study.
Use of log transformations strengthened the c o e ff ic ie n t  of determination  
values (r^ )  by an average of 2% fo r  each comparison from the untransformed 
d a ta .
An F te s t  was f i r s t  made on the analysis of covariance model (HQ:B0 = 0) 
to see i f  the specified model would be able to account fo r  any d ifferences  
in the regressions (Appendix 3 ) .  In a l l  cases the model specified was 
s ig n i f ic a n t ,  ind icating th a t analysis of covariance would detect differences  
in  the l in e a r  regressions of each w ild  and cultured dependent variab le  
on SL. C o e ff ic ie n t of determination ( r  ) values, a measure of the 
dependency of the ordinate variables on SL, ranged from 56.7% fo r  HED to 
85.0% fo r  HL.
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Scatterp lo ts  of the w ild  and cultured regressions are presented in 
Figures 20 to 25. The analysis of covariance te s t  fo r  the homogeneity 
of slopes was nonsignificant ( P < .05) fo r  each set of regressions 
presented in Figures 20-25 and Appendix 3. This indicated th a t each 
morphometric variables ra te  of change w ith SL was not s ig n if ic a n t ly  
d i f fe r e n t  fo r  postflex ion cultured and w ild  A. sapidissima. Thus, the 
body proportion ratios  of w ild  sampled A. sapidissima are apparently not 
d if fe r e n t  than those presented in Table 2 fo r  cultured postflex ion  
la rvae .
Analysis of covariance also indicated tha t the d iffe rence  in 
elevations (adjusted means) of each l in e  was not s ig n if ic a n t ly  d i f fe re n t  
( a  i  = a  2 ) when computed fo r  each w ild  and cultured dependent morphometric 
v ariab le  (Appendix 3 ) .  This indicated that the body proportion ra t io s ,  
fo r  each individual morphometric v a r ia b le , were apparently not d i f fe re n t  
from the w ild  and cultured populations a t  the onset of the postflex ion  
stage of development.
The l in e a r  regressions of each w ild  and cultured morphometric 
dependent variab le  appeared to ind icate  no s ig n if ic a n t  d iffe rence  between 
the body proportion ratios  of the two populations, and th a t  the rate  of 
change fo r  each variab le  appeared s im ila r  throughout the postflexion  
stage of development examined in th is  study.
M u lt iv a r ia te  Analysis of Variance (MANOVA)
A MANOVA was u t i l iz e d  to te s t  the hypothesis of no overa ll group 
e f fe c t  between the w ild and cultured populations of postflex ion A. sapidissima. 
The treatments (columns) in th is  study were the w ild  and cultured groups, 
w hile the blocking (rows) were the morphometric variables SL, PAL, PDL,
HL, SNTL, HED, and BD. Thus, a d ifference  between the two populations 
was tested in k = 5 space. The Hotel 1ing-Lawley tra c e , P i l l a i ' s  trace ,
Wilks c r i t e r io n ,  and Roy’s maximum root c r i te r io n  were tests of s ign ificance  
used to examine the hypothesis of no overa ll e f fe c t  between w ild  and 
cultured morphometric variables (Appendix 4 ) .
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The re la t iv e  s e n s i t iv i t ie s  of the Hotelling-Lawley trace and W ilk 's  
c r i te r io n  are about equal towards examining the s ign ificance of the null 
hypothesis (Schatzoff 1966). In both cases, the te s t  of the null hypothesis 
o f no overa ll group e f fe c t  was highly nonsignificant (P < 0 .0 5 ) .  Thus,
the eigenvalues ( X $L, X pAL, A pDL, A HL, A SNTL * *  HED5 A bd^ of the 
SSCP matrix are smaller than the specified c e n t i le  points of a = .05 fo r  
the Hottel ing-Lawley trace ( t ) and Wilks c r i te r io n  ( A ) .  P i l l a i ' s  
trace of the d is t r ib u t io n  of the morphometric variables between the wild  
and cultured treatments is s im ila r  to  th a t  of the Hotelling-Lawley  
t ra c e , and was also nonsign ificant. The resu lts  of these tests of the 
MANOVA ind ica te  th a t the combined e f fe c t  of the morphometric variables  
measured fo r  each of the w ild  and cultured populations was not s ig n i f ic a n t ly  
di f f e r e n t .
Roy's maximum root c r i te r io n  is  not as sens itive  a te s t  as the 
previous th ree , except when the d ifference  between the treatments is 
concentrated in one of the morphometric variables (Schatzoff 1966;
Tatsuoka 1971). This te s t  was found to be highly s ig n if ic a n t  (P >
0 .0 5 ) .  Examination of each v ariab le  block shows th a t PDL was the only 
v ariab le  th a t  had a s ig n if ic a n t  d ifference  between the w ild and cultured  
treatments (Appendix 4 ) .  This d ifference  in the PDL is again related to 
the position which the dorsal f in  migrates along the dorsal midline of 
the body. Roy's maximum root c r i te r io n  magnifies the differences in the 
PDL means found using the t  s t a t i s t i c .
O v e ra ll ,  resu lts  of the MANOVA ind ica te  th a t  there was no d iffe rence  
in  the combined e ffe c ts  of the morphometric variables between the w ild  
and cultured populations of postflex ion A. sapidissima.
DISCUSSION AND CONCLUSIONS
Morphology
Morphological and body proportion development fo r  la rva l Alosa 
sapidissima has been described using the dynamic approach of Ahlstrom, 
B u tle r ,  and Sumida (1976) and Moser and Ahlstrom (1970). Examination of 
the body proportion ra tios  shows tha t during ontogeny the PDL and PAL by 
SL ratios  are negatively  a llom etr ic  with increasing SL, while the HL,
SNTL, HED, and BD by SL ra tios  increase isom etr ica lly  with increasing  
SL.
Morphological development presented in th is  study was a dynamic summary 
of la rv a l A. sapidissima morphology from yolk absorption through the 
postflex ion stage of development. Hildebrand (1963) described proportional 
ra tio s  on ju v e n ile  and adu lt A. sapidissima, 29 to 475 mm SL, while th is  
study concentrated on describing morphological development in the la rva l  
stages. Thus, a complete morphological descrip tion , during a l l  stages 
of the l i f e  h is to ry , is  now ava ilab le  fo r  A. sapidissima.
Information pertain ing to  the morphology of la rv a l A. sapidissima 
presented herein reinforces the summary information presented in Jones 
e t  a l .  (1978), Lippson and Moran (1974), and Mansueti and Hardy (1967).
In ad d itio n , the body proportion ratios  given in th is  study d e ta i l  the  
ontogenic changes in body development th a t  were previously unavailable  
in the l i t e r a tu r e .  The e a r l ie s t  studies on A. sapidissima la rva l  
morphology by Hildebrand and Schroeder (1928), and Leim (1924), gave 
morphometric body proportions fo r  selected sizes of la rv a , but they 
fa i le d  to adequately trace the ontogenic changes associated with la rv a l  
development. Recent studies on the early  development of A. sapidissima 
by Chittenden (1969), Marcy (T976), and Watson (1968) presented resu lts  
th a t adequately describe the development and ontogenic changes associated
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with egg and yolksac larva development. Morphology and development of 
pre flex io n  and f le x io n  larvae appears to be incomplete in these studies, 
because ( 1 ) f i e ld  sampling techniques u t i l iz e d  did not adequately sample 
pre flex io n  and f le x io n  la rvae , or ( 2 ) to ta l m o rta lity  was experienced in 
the cultures used before the desired size range was sampled.
The cu lture  techniques employed in th is  study (B la ir  1976) provided 
adequate samples to describe the morphological development of A. sapidissima 
over the standard length range th a t was previously void (yolksac absorption 
to  the postflex ion s tage). In add itio n , a complete description of 
morphological development and body proportion ra tio s  is now ava ilab le  
from hatch through the adu lt stage. A combination of th is  study, Hildebrand 
(1963), Chittenden (1969), and Marcy (1976) provides a complete synopsis 
of the morphology and development fo r  the egg, la rv a , and adult stages 
in  the l i f e  h is tory  of A. sapidissima.
M erfstics
M e ris tic  development fo r  la rv a l A. sapidissima (Wilson) has been 
described by follow ing the sequence of c a rt i la g e  investment and the 
o s s if ic a t io n  of rays and bones in the paired and median f in s .  A d d it io n a lly ,  
the d is tr ib u t io n  of myomeres re la t iv e  to the body morphology has been 
described . This provides additional information useful in la rva l  
id e n t i f ic a t io n  of A. sapidissima.
The range of preanal myomeres reported fo r  cultured la rva l A. sapidissima 
in the present study varies from th a t previously reported fo r  A. sapidissima 
(Jones et a l . 1978, Lippson and Moran 1974, Mansueti and Hardy 1967).
Jones e t  a l . (1978) reported a range of 44-50 (x = 4 7 )  preanal myomeres 
between 9.0 and 12.9 mm SL; Lippson and Moran (1974) report 41-47 between 
6 and 14 mm SL, and Mansueti and Hardy (1967) reported 43-47 preanal 
myomeres up to 13 mm SL (Table 7 ) .  These myomere ranges are lower than 
those determined in the present study over comparable length ranges 
(Table 3 ) .
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The a n te r io r  myomeres can be d i f f i c u l t  to discern in A. sapidissima 
because they are very crowded in the early  stages of development ( i . e .  8 
to 10 mm SL range). Care was taken in th is  study to in te n s ify  the 
myomeres by immersing each larva in g ly cerin . Berry and Richards (1973) 
s ta te  th a t  myomere counts can be d is torted  by crowding in the a n te r io r  
region; the use of g lycerin  improves the r e l i a b i l i t y  of myomere counts.
Both th is  study and th a t  of Mansueti and Hardy (1967) reported a' 
decrease in preanal myomere count with ontogeny and shortening of the 
gut, while maintaining the same range in to ta l  myomere number (Tables 3 
and 7 ) .  Jones, e t  a l . (1978) did not report a decrease in preanal 
myomeres with shortening of the gut. Rather they indicated an increase 
in  the mean number of preanal myomeres (Table 7 ) .  Jones e t  a l .  (1978) 
information is based on Chambers e t a l .  (1976), which compares the means 
and ranges of the preanal myomeres fo r  la rva l clupeids (Table 7 ) .
Findings of th is  study and information reported in Mansueti and Hardy 
(1967) are d i f fe re n t  than th a t reported by Chambers e t a l . (1976)
(Table 7 ) .  Small sample s ize (Chambers e t  a l .  1976) may be the reason 
f o r  the converse results  between studies. Larval A. sapidissima, 
cultured fo r  th is  study, exhibited a steady decrease in the ra t io  of PAL 
to SL, and in the mean number of preanal myomeres versus SL; these 
changes c o rre la te  w ith  shortening of the gut throughout the f le x io n  
stage of development.
Ahlstrom (1968) proposed the use of dorsal f in  position (PDL), and 
the re la t iv e  number and d ifference  between predorsal myomeres and preanal 
myomeres, as an accurate method fo r  the id e n tify in g  clupeid larvae. 
Predorsal myomere counts and ranges reported herein trace the a n te r io r  
m igration of the dorsal f in  during ontogeny. The predorsal myomere 
count (Table 3) along with the predorsal body proportion r a t io  (Table 2) 
f u l f i l s  th is  previously Void area th a t is useful fo r  the accurate 
id e n t i f ic a t io n  of la rv a l A. sapidissima.
Fin Development
M eris ties  of developing paired and median f in s  have been described
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fo r  cultured la rv a l A. sapidissim a. Examination of sequentia lly  sampled 
and counterstained larva has lead to a complete summary of the f in  
development sequence, and a determination of caudal f in  osteological 
characters th a t  allows fo r  d i f fe r e n t ia t in g  p re f le x io n , f le x io n ,  and 
postflex ion  la rv a l A. sapidissima.
The sequence of la rv a l f in  development and developmental osteology 
of A. sapidissima have not been previously studied. Hitchcock (1887,
1889) studied the osteology o f adu lt A. sapidissim a. Bigelow and Welsh 
(1925) postulated that f in  formation may be completed in A. sapidissima 
by 20 mm SL. Nichols (1966) compared the f in  ray m eristies of several 
populations of ju v e n ile  A. sapidissima. Results presented by Nichols 
compare favorably w ith the number of rays in fins  of f u l l y  developed 
cultured A. sapidissima (Table 7 ) .  The average number of dorsal (1 9 ) ,  
anal (2 1 ) ,  and pectoral (16) f in  rays counted on cultured larva and 
ju ven iles  agrees with the means and frequencies of m eris tic  counts made 
by Nichols (1966) on ju v e n ile  A. sapidissima from the York R iver, V ir g in ia .
PIGMENTATION
Pigmentation and the sequence of change in pigment patterns have 
been described fo r  larva from the p re flex ion  through the postflex ion  
stage of development. Ahlstrom (1968) noted th a t the a t las  of Mansueti 
and Hardy (1967) did not discuss changes in pigment pattern associated 
with ontogeny. This study f i l l s  the gap in Mansueti and Hardy's (1967) 
discussion of A. sapidissima.
Hildebrand (1963), Jones e t a l .  (1978), and Leim (1924) discuss the 
ventral pigmentation pattern  seen from yolk  absorption to approximately 
13 mm SL. Indeed, th is  is one of the most important c h arac te r is t ics  in 
id e n t i f ic a t io n  of la rv a l A. sapidissima. Ahlstrom (1968), however, 
points out th a t  clupeids can be d i f f i c u l t  to id e n t i fy  unless precaution  
is  taken to note the sequence of changes in the la rv a . This is espec ia lly  
true w ith  respect to pigmentation in  la rva l A. sapidissima. Jones et  
a l .  (1978) and Leim (1924) note th a t specimens from freshwater are more
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heavily  pigmented than those in brackish w ater. This was confirmed in  
the present study by comparison of f i e l d  and cultured specimens of 
la rv a l A. sapidissima. Pigmentation is heavier on the head and dorsal 
trunk regions of freshwater cultured larvae than on native brackish 
water la rvae .
The sequence of pigmentation described herein fo r  A. sapidissima 
larvae can be used to id e n t i fy  A. sapidissima of freshwater o r ig in .  The 
pattern  of ventra l pigment described by Leim (1924) should be used when 
id e n t i fy in g  larvae in  the 10 to 13 mm SL range from samples collected in 
brackish w ater. There is a large amount of v a r ia b i l i t y  in the d is tr ib u t io n  
Of melanophores in freshwater cultured la rv a ;  there fo re , special care 
should be taken when attempting to id e n t i fy  and confirm la rva l A. sapidissima 
collected in freshwater. A d d it io n a lly , m eris tic  characters, s im ila r  to  
those in Table 7, should be used in conjunction w ith  pigmentation patterns  
to f u l l y  confirm id e n t i f ic a t io n  of A. sapidissima from freshwater samples.
COMPARATIVE MORPHOLOGY
The section on comparative morphology between w ild  and cultured  
populations of postflex ion A. sapidissima was completed to check fo r  
morphometric d ifferences in the two populations of la rvae . Had there  
been a s ig n if ic a n t  d ifference  in the w ild  and cultured treatments used 
in  the MANOVA Pimentals (1979) suggestion th a t  a discrim inant function  
be calculated would have been followed to estab lish  a set of c la s s if ic a t io n  
c r i t e r i a  th a t would allow fo r  d i f fe r e n t ia t io n  between the w ild  and 
cultured populations.
In th is  study, there were no detectable morphometric differences in 
the two (w ild  and cultured) populations. The information presented on 
developmental morphology, including the body proportion ra t io s ,  can now 
be used as support fo r  id e n t i f ic a t io n  of brackish water la rv a l A. sapidissima
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Figure 1 Hap of Panunkey and Mattaponi R ivers , V ir g in ia ,  
in d ica tin g  sampling locations fo r  spawning 
adults and ju v e n ile  Alosa sapidissima (Wilson)
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Figure 2. Egg hatching and la rv a l c o lle c t io n  apparatus 
used fo r  American Shad, Alosa sapidissima 
(W ilson). Designed by Alan B la i r ,  Manager, 
Harrison Lake National Fish Hatchery, Charles 
C ity ,  V irg in ia ,  in 1976
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Figure 3 Screened raceway trough used fo r  developing 
yolksac and la rv a l  Alosa sapidissima
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Figure 4 .  Sca t te rp lo t  of to ta l  length (TL) versus 
notochord-standard length (SL) fo r  la rva l  
Alosa sapidissima (Wilson). The regression 
equation is :
TL = -  .302 + 1.06 SL : r 2 = .998
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Figure 5. Scat te rp lo t  of preanal length (PAL) versus 
notochord-standard length (SL) f o r  larva l  
Alosa sapidissima (W i ls o n ) /  The regression 
equation is:
PAL = 2.18 + 0.60 SL : r 2 = .969
54
nco
CN
CN
CN
CO
CN
CN
CN
CO
( U J U l )  I | t 6 u d 1  | D U D 9 i j
N
ot
oc
ho
rd
 
- 
S
ta
nd
ar
d 
Le
ng
th
 
(m
m
)
Figure 6 S c a t te rp lo t  of predorsal length (PDL) versus notochord-standard length (SL) f o r  la rva l  Alosa 
saoidissima (Wilson). The regression equation
PDL = 2.62 + 0.39 SL : r 2 = .964
is
56
CO
CO
CN
CN
CN
CO
©
O CN
(tuuj) 1446ua*) j D f j o p a j d
0
ch
or
d 
- 
st
an
d
ar
d
 
Le
ng
th
 
(m
m
Figure 7. Sca t te rp lo t  of head length (H I)  versus
notochord-standard length (SL) fo r  la rva l  
Alosa sapidissima (Wilson). The regression 
equation is :
In  (HL) = In  0.05 + 1.50 In (SL) : r 2 -  0.992
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Figure 8 Scat te rp lo t  of horizontal eye diameter (HED) versus 
notochord-standard length (SL) f o r  la rva l  Alosa 
sapidissima (Wilson). The regression equation is :
In (HED) = In 0.01 + 1.59 In (SL) : r 2 = 0.973
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Figure 9. S ca t te rp lo t  of snout length (SNTL) versus 
notochord-standard length (SL) fo r  larva l  
Alosa sapidissima (Wilson). The regression 
equation is :
In (SNTL) = In  2.31 + 2.01 In  (SL) : r2 = 0.964
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Figure 10 Scatte rp lo t  of body depth a t  f i r s t  dorsal ray 
(BD) versus notochord-standard length (SL) 
fo r  la rv a l  Alosa sapidissima (Wilson). The 
regression equation is:
In (BD) = In 4.91 + 2 .14 In (SL) : r 2 = 0.977
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Figure 11. Development of the caudal f i n  osteology in la rva l  
Alosa sapidissima (Wilson). Fin rays are omitted 
to c le a r ly  show Support  osteology: A, ear ly
pre f lex io n ,  9.2 mm; B, la te  p re f lex io n ,  10.8 mm;
C, f le x io n ,  13.2 mm; D, la te  f le x io n ,  16.9 mm. 
Abbreviations: Hy, 6 « hypural p la tes ,  Ep =
epurals, U, « = uraT vertebrate ,  Pu, « = preural  
vertebra te ,  fls = hemal spine, Nc = nStochord,
Uri 2 *  uroneurals, Ns * neural spine, Ph = 
parfiypural, Na = neural arch. Clear areas indicate  
uptake of a l i z a r in - r e d  s (except in the notochord 
(N ) in A, B, and C),  while the s t ip led  area 
indicates uptake of a lc ian -b lu e .
66
Nc
N c
U r
N s
H y jHs
Bp U r
Ns
No
H y 2
H y 1
Ph
Hs
Figure 12. Caudal f i n  osteology of a postf lex ion ( ju v e n i le )  
Alosa sapidissima (Wilson), 29.6  mm standard 
length. Abbreviations: Hy, g -  hypural p la tes ,
Ep, « = epurals, U, ~ = ura1”vertebra te ,  Pu, - -  
p r iu ra l  vertebra te ,  Rs = hemal spine, Ur, 2 
uroneurals, Ns *  neural spine, Ph = parhypural,  
Na *  neural arch. Clear areas ind icate  uptake 
of  a l i z a r in - r e d  s, while s t ip led  areas indicate  
uptake of  a lc ian -b lu e .
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Figure 13 . Alosa sapidi ssima
9.3 mm pref lex ion
(Wilson), 
yolksac larva .
70

Figure 14 • Alosa sapidissima (Wilson),
VO.9 mm p re f1 ex ion la rva .
72

Figure 15 • Alosa sapidissima (Wilson)
12.7 mm ear ly  f le x io n  la rv a .
74

Figure 16 • M osa sapidissima (W11shnlT 
15.8 mm f le x io n  la rva .
76

Figure 17. Alosa sapidissima (Wilson),
18.2 mm ear ly  postf lexion la rva .

Figure 18 • Alosa sapidissima (Wilson),
23.4 mm postf lex ion la rva .
80

Figure 19. Alosa sapidissima (W ilson),
28.5 mm postflex ion la rv a .
82

Figure 20. S ca tte rp lo t  of preanal length (PAL) versus standard
length (SL) measurements from cultured and w ild
postflex ion Alosa sapidissima (W ilson).
84
nTJ
a>
□ •
c m
a  •
.*<■><N
• O•  •
CM
cn
CM
CM
CM
00
<o CMIS.00
CM
t f f S u O ' l  | D U O O J J
St
an
da
rd
 
Le
ng
th
Figure 21. S c a tte rp lo t  of predorsal length (PDL) versus standard
length (SL) measurements from cultured and w ild
postflex ion  Alosa sapidissima (W ilson).
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Figure 22. S c a tte rp lo t  of head length (HL) versus standard
length (SL) measurements from cultured and
postflex ion  Alosa saoidissima (W ilson).
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Figure 23. S c a tte rp lo t  of snout length (SNTL) versus standard
length (SL) measurements from cultured and w ild
postflex ion  Alosa sapidissima (W ilson).
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Figure 24. Scatte rp lo t of eye diameter (HED) versus standard
length (SL) measurements from cultured and w ild
postflex ion Alosa sapidissima (Wilson).
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Figure 25. S c a tte rp lo t  of body depth (BD) versus standard
length (SL) measurements from cultured and w ild
postflex ion  Alosa sapidissima (W ilson).
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APPENDIX 1
L is t  of Alosa sapidissima (Wilson) 
body measurements used to compare 
cultured (Group 1) versus w ild  
(Group 2 ) sampled specimens.
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APPENDIX 2
U n ivar ia te  comparisons of cultured versus
w ild  sampled Alosa sapidissima (Wilson) specimens.
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Analysis of Covariance comparisons fo r  cultured versus 
w ild  sampled Alosa sapidissima (Wilson) specimens.
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wild  sampled Alosa sapidissima (Wilson) specimens.
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